The relationship between antimicrobial residues, antibiotic resistance prevalence and bacterial community composition in hospital effluent and in the receiving wastewater treatment plant was studied. Samples from hospital effluent, raw inflow and final effluent of the receiving wastewater treatment plant were characterized for amoxicillin and ciprofloxacin resistance prevalence, content of heavy metals and antimicrobial residues and bacterial community
1.

Introduction
Over the last decades, bacterial resistance to antibiotics has become an issue of growing concern worldwide (French, 2010) , frequently attributed to the excessive use of antibiotics (Kim and Aga, 2007; Martinez, 2009) . Antimicrobial residues can impose selective pressures, capable of favoring the proliferation of resistant bacteria, with the progressive elimination of the susceptible organisms. Simultaneously, antimicrobial residues may induce bacteria to transfer horizontally antibiotic resistance genes for other community members (Davies and Davies, 2010; Gillings, 2013) . It is estimated that antibiotic concentrations measured in environmental samples, such as rivers, can inhibit wild-type bacteria (Tello et al., 2012) . Due to such inhibition, antimicrobial residues would be also implicated in the rearrangement of the bacterial communities. This hypothesis was recently supported by the demonstration of significant correlations between the concentrations of antimicrobial residues, antibiotic resistant bacteria or their genes and rearrangements of the bacterial communities in surface and wastewater (Huerta et al., 2013; Novo et al., 2013) .
In spite of these evidences that could lead to an apparently simple cause-effect relationship, the complexity of propagation of antibiotic resistance in the environment is widely recognized. Intriguing questions are, for example, the effect of sub-inhibitory concentrations of antibiotics on the bacterial communities or on the stability of the resistance phenotypes, even in the absence of selective pressures Hughes, 2010, 2012) . The association between the classes of antimicrobial residues found in a given environment and the major types of antibiotic resistance occurring in the same site are also not well understood (Oberlé et al., 2012; Huerta et al., 2013; Novo et al., 2013) .
Health care facilities, where the use of antibiotics is more frequent and intensive and where antibiotic resistant bacteria may have a selective advantage over the susceptible counterparts, are regarded as important reservoirs of antibiotic resistance (Kü mmerer and Henninger, 2003; Jakobsen et al., 2008; Galvin et al., 2010; Harris et al., 2013; Varela and Manaia, 2013) . In addition, in urban areas, wastewater treatment plants represent important receptors for antimicrobial residues and antibiotic resistant bacteria (Manaia et al., 2012; Michael et al., 2013; Rizzo et al., 2013) . This situation may be worsened when untreated effluents from health care facilities are received in the urban wastewater treatment plants. Nevertheless, there are no legal requirements for hospital effluents treatment prior to its discharge in the municipal collector. In spite of the potential risks of hospital effluents regarding their role as possible suppliers of antibiotic resistant bacteria to the environment, these effluents represent useful models to assess both the relationship between antibiotic residues and antibiotic resistance and the influence that they may display in the receiving wastewater treatment plant.
The potential effects on microbiome due to pollution with antibiotics have received little attention. However, additional knowledge in this area is fundamental to assess the risks associated with the environmental spread of resistance genes and to control potential adverse effects for human well-being (Gillings, 2013) . The current study was based on the hypothesis that hospital effluent is an important supplier of antimicrobial residues and of antibiotic resistant bacteria to the receiving wastewater treatment plant, yielding higher levels of both types of contaminants. Moreover, it was hypothesized that given the different levels of antimicrobial residues and antibiotic resistance observed in hospital and municipal effluents, these wastewater systems would provide interesting insights into the relationship between antimicrobial residues, antibiotic resistant populations and bacterial communities. The assessment of those hypotheses also aimed to infer about the impacts that hospital effluents may have on the occurrence of antimicrobial residues and of antibiotic resistant bacteria in the respective municipal wastewater treatment plant.
2.
Materials and methods
This study examined samples from a hospital effluent, and from the raw and treated wastewater of the respective urban treatment plant, located in the northern region of Portugal (Varela and Manaia, 2013 
Sampling
Seven samples were collected from the hospital effluent ( 
2.2.
Enumeration of cultivable bacteria
Total and antibiotic resistant bacteria were quantified using the membrane filtration method as described by Novo and Manaia (2010 (Novo and Manaia, 2010; CLSI, 2012; Novo et al., 2013) . All procedures were performed in triplicate. On each culture medium, enumeration was performed for plates displaying 10-90 colony forming units (CFU) (Gerhard et al., 1981) . The percentage of antibiotic resistance was deter-mined as the ratio between the CFU/mL formed on the culture medium with and without antibiotic.
2.3.
Bacterial community characterization by DGGE analysis
Samples filtration, DNA extraction, and 16S rRNA gene based denaturing gradient gel electrophoresis (DGGE) analysis was made as described before (Novo et al., 2013) . Briefly, total DNA was extracted in triplicate from 21 samples (Muyzer et al., 1993) . PCR reactions (Biometra), quality control and DGGE analysis (DCode™ universal mutation detection system, Bio-Rad Laboratories) were made according to previous description (Novo et al., 2013) . Approximately 1.8 mg of DNA were loaded on an 8% (w/v) vertical polyacrylamide gel with a 28%e59% denaturing gradient (where 100% denaturing gradient is 7 M urea and 40% deionized formamide. Reproducibility of the DGGE patterns was assessed by including a reference DNA extract with a known DGGE profile in all gels. Gel staining and image visualization and acquisition (Molecular Imager Gel Doc XR system, Bio-Rad Laboratories) were performed as described previously (Barreiros et al., 2008) . DGGE profiles were observed visually and further analysed using the Bionumerics software (version 6.1, Applied Maths), with the profiles comprising of reference organisms serving as standard/normalization lanes for inter-gel comparison. Band classes were attributed according to band position and a two-entry table including band intensity value per band class was generated for each DGGE profile, to allow further comparison of samples.
Bands presenting significant positive correlations with the variation of the concentration of antibiotics, heavy metals or with the percentage of resistant bacteria were selected for identification based on DNA sequencing analysis. In order to detect possible cases of co-migration in a single DGGE band, these bands were excised, amplified, cloned with InsTAaclone™ cloning kit (Thermo Scientific) and analyzed by DGGE as described by Novo et al. (2013) .
Clone inserts that matched the original band in the DGGE pattern were sequenced with the primer M13F-pUC (5 0 -GTTTTCCCAGT-CACGAC-3 0 ).
Nucleotide sequences were checked manually for their quality and their phylogenetic affiliation was deter-mined using the BLAST software (http://blast.ncbi.nlm.nih. gov/) to query the GenBank database.
2.4.
Quantification of micropollutants
Water samples were characterized for their content of the metals cadmium, chromium, lead, arsenic and mercury and the antimicrobials tetracycline, oxytetracycline, doxycycline, chlorotetracycline, penicillin G, penicillin V, sulfamethazine, sulfathiazole, sulfamethoxazole, ciprofloxacin and ofloxacin.
Cadmium, chromium and lead content was determined by inductively coupled plasma atomic emission spectroscopy; arsenic content was determined by hydride generation atomic absorption spectroscopy and mercury content was deter-mined by cold vapor atomic absorption spectrometer as described by Novo et al. (2013) . Antibiotic content was deter-mined by liquid chromatography coupled with electrospray ionization mass spectrometry, after solid-phase extraction (Novo et al., 2013) .
2.5.
Statistical analyses
Bacterial counts (logCFU/mL) and antibiotic resistance percentage values (%)
were compared using one-way ANOVA and the post-hoc (Novo et al., 2013) .
3.
Results
3.1.
Quantification of antimicrobial residues
In general, higher concentrations of ciprofloxacin, ofloxacin, arsenic and mercury were found in the hospital effluent than in the raw inflow (Table 1 ). In contrast, the concentrations of sulfamethoxazole, tetracycline and penicillin G were lower in the hospital effluent than in the raw inflow. Other antibiotics and metals quantified were, most of the times, below the limit of quantification (LOQ) ( Table 1 ). The concentrations of antibiotics detected varied over time, particularly in the hospital effluent, most probably due to the patterns of utilization and consumption of these antibiotics in the institution (data not available). In the final effluent of the wastewater treatment plant, the concentrations of antibiotics were generally lower than in the raw inflow, although higher inputs corresponded to higher final concentrations. Among the heavy metals examined, in the wastewater treatment plant, mercury was detected above the quantification limit only occasionally and arsenic was always present in concentrations above 2 mg/L. The concentration of arsenic was not reduced after waste-water treatment. The other antibiotics and metals analyzed were found most of the times below the limit of quantification (Table 1) .
3.2.
Total and antibiotic resistant cultivable bacterial populations
The counts of cultivable heterotrophs and aeromonads/ pseudomonads in hospital effluent and in raw inflow were not significantly different (p > 0.01), ranging 10 6 e10 7 CFU/mL. In contrast, the hospital effluent presented significantly lower (p < 0.01) counts of enterobacteria than the raw inflow (Fig. S1 ), differing by one log cycle. Accordingly, hospital effluent presented significantly lower counts of amoxicillin resistant enterobacteria (p < 0.01), than the raw inflow. For the other bacterial groups examined, the counts of antibiotic resistant bacteria in hospital effluent and raw inflow were not significantly different and ranged from 10 5 to 10 7 CFU/mL (Fig. S1 ). In the final effluent of the wastewater treatment plant, the counts of total and antibiotic resistant bacteria were about 1.5-2 logarithmic cycles lower for the three bacterial groups.
The percentage values of amoxicillin and of ciprofloxacin resistant bacteria were compared for the three types of water (Table 2 ). These two resistance phenotypes revealed different trends. Although higher in hospital effluent than in raw inflow, amoxicillin resistance prevalence did not differ significantly between both sites (p > 0.01). In contrast, ciprofloxacin resistance was significantly more prevalent (p < 0.01) in the hospital effluent than in the raw inflow, for all the bacterial groups examined. Wastewater treatment did not affect the prevalence of antibiotic resistance, since non-significantly different values were observed between the raw inflow and the treated effluent (Table 2) .
3.3.
16S rRNA gene-DGGE characterization of the bacterial community
The characterization of the bacterial community through 16S-rRNA gene based DGGE analysis allowed the assignment of a total of 26 band classes (Table 3 , Fig.   S2 ). Among these, seven bands were present in all samples examined from hospital effluent and raw inflow (B1, B5, B6, B7, B9, B19 and B24). These seven bands were detected in all (B5) or in more than half of the treated effluent samples examined, suggesting that the populations represented by these bands may persist from the hospital to the final effluent of wastewater treatment plant (Table 3 suggests alteration of the wastewater bacterial community during treatment.
3.4.
Correspondence analysis between antimicrobial residues and the cultivable antibiotic resistant bacteria
Canonical correspondence analysis (CCA) evidenced significant correlations between the patterns of variation of the concentration of penicillin G, tetracycline, ciprofloxacin and arsenic (Fig. S4A, B) and the percentage of antibiotic resistant bacteria. The variation of the concentration of ciprofloxacin and arsenic was mainly correlated with axis 1, along which were distributed the ciprofloxacin resistant bacterial populations (on PCA, GSP and mFC).
Therefore, was evidenced a positive correlation between the variation of the concentration of ciprofloxacin and arsenic and of ciprofloxacin resistance prevalence (Fig. S4A) , influenced by hospital effluent samples of March (samples 3 in Fig. S4B ). The variation of concentration of penicillin G and tetracycline, distributed over axis 2, was positively correlated with the variation of the percentage of amoxicillin resistant aeromonads/pseudo-monads. Given the low weight of axis 2, the observed correlation between the variation of penicillin G and tetracycline concentration and percentage of amoxicillin resistance was weaker than that of arsenic and ciprofloxacin concentration with ciprofloxacin resistance.
3.5.
Correspondence analysis between antimicrobial residues and the bacterial community CCA evidenced positive significant correlations (p < 0.005) between the variation of the concentration of ofloxacin, penicillin G, ciprofloxacin, sulfamethoxazole, tetracycline, arsenic and the intensity of some DGGE bands (Fig. 1A,B) . The variation of the concentration of sulfamethoxazole and tetracycline was mainly correlated with axis 1. The peaks of concentration of these antibiotics in hospital effluent in October and April may explain such a distribution (Fig. 1B, Table 1 ). Band B7, which comprised bacteria related to the genera Alistipes and Acinetobacter, and band B25 related to the class Clostridia (Table 3, Fig. S2 ), were those whose variation (in intensity and/or occurrence) presented stronger correlation with the variation of the concentration of those antibiotics. These bands were detected in most hospital effluent and wastewater treatment plant samples. In contrast, the variation of intensity of bands B10, B11, B20 and B21 and of the concentration of sulfamethoxazole and tetracycline was negatively correlated. Most of these bands, although present in hospital effluent and/or raw inflow were more frequent and abundant in treated effluent (Table 3, 
3.6.
Correspondence analysis between cultivable antibiotic resistant bacteria and the bacterial community assessed by DGGE analysis CCA showed significant correlations between the variation of the percentage of cultivable antibiotic resistant bacteria and DGGE bands intensity (Fig. S5A,   B ). The variation of the percentage of ciprofloxacin resistant heterotrophs and amoxicillin resistant aeromonads/pseudomonads was mainly distributed over axis 1. The variation of the percentage of enterobacteria (mFC) resistant to ciprofloxacin and of heterotrophs resistant to amoxicillin was distributed over axes 1 and 2 and of amoxicillin resistant enterobacteria over axis 2. The sample of hospital effluent of March was probably influencing this pattern of distribution (sample 3 in Fig. S5B) . Bands distributed over axis 1 were those which variation in intensity and/or occurrence was most correlated resistance prevalence. Curiously, the DGGE bands whose variation had the strongest correlation with the variation of ciprofloxaxin resistant bacteria and with the variation of the concentration of fluoroquinolones and arsenic were the same, i.e. B1, B13 and B24 (Fig. 1A) . In contrast, as observed in the CCA biplot for antimicrobial residues concentrations (Fig. 1A) , the variation of band B26, which was never detected in hospital effluent and was always present in treated effluent, was negatively correlated with the variation of the percentage of antibiotic resistant bacteria.
4.
Discussion
Because antibiotic consumption is higher and more intense in hospitals than in the community, the development of antibiotic resistant bacteria and the discharge of antimicrobial residues and resistant bacteria in these effluents are supposed to have strong impacts on the spread of antibiotic resistant bacteria in the environment (Kü mmerer and Henninger, 2003; Baquero et al., 2008) . The combination of three major adaptation mechanisms may contribute to explain the spread and selection of antibiotic resistant populations: i) the occurrence of horizontal transfer of antibiotic resistance genes (Baquero, 2004; Walsh, 2006) ; ii) the preferential proliferation of resistant bacteria due to selective pressures imposed by antimicrobial residues or heavy metals (Graham et al., 2011; Tello et al., 2012; Hellweger, 2013) and iii) the bacterial community rearrangement to fit the occurrence of substances with antimicrobial activity, such as antimicrobial residues or heavy metals (Lawrence et al., 2008; Graham et al., 2011; Gillings, 2013; Huerta et al., 2013; Novo et al., 2013) . Mechanisms ii) and iii) were those supporting our hypotheses and experimental design. In addition, by comparing wastewater habitats supposedly with different levels of contamination with antimicrobial residues and antibiotic resistant bacteria (hospital and municipal wastewater), we intended to get additional insights about the capability of those contaminants to contribute to shape the bacterial communities. However, it should be noted that the aim of the study was to assess the dynamics of the bacterial populations, and if such variations could be correlated with the occurrence of antimicrobial residues. Since such a dynamics may occur regardless the fact that resistance is acquired or intrinsic, no specific discussion on resistance acquisition by horizontal gene transfer or mutation was addressed in this study.
Though antimicrobial residues and antibiotic resistant bacteria may be more abundant in hospital effluents than in the receiving municipal wastewater treatment plant, the dilution of the hospital effluent in the municipal sewage may blur their possible impacts. The comparison of the concentration of antimicrobial residues or prevalence of antibiotic resistance in both hospital effluent and raw inflow is possible contribute to overcome this artifact. This rationale was used to compare the data regarding antimicrobial residues and heavy metals concentrations and antibiotic resistance prevalence. Among the antimicrobial residues and heavy metals analyzed, only ciprofloxacin and ofloxacin, tetracycline, sulfamethoxazole, penicillin G, and the metals arsenic and mercury were detected regularly at levels above the limit of quantification.
Confirming our hypothesis, hospital effluent was observed to be an important source of fluoroquinolones and arsenic to the wastewater treatment plant, presenting, in general, higher concentrations than those observed in raw inflow.
However, other sources, such as domestic use and other human or veterinary health care facilities, could be responsible for the discharge of sulfamethoxazole, penicillin G and tetracycline to the waste-water treatment plant, since, in general, higher concentrations of these antimicrobials were found in the raw inflow than in the hospital effluent. Regarding antibiotic resistance, hospital effluent presented higher resistance prevalence than the raw inflow or treated effluent for both amoxicillin and ciprofloxacin. However, hospital effluent was not demonstrated as a significant source of amoxicillin resistance.
Probably, this was due to the widespread occurrence of intrinsic amoxicillin resistance in environmental bacteria, in particular in Gammaproteobacteria (Paterson, 2006; Parker and Shaw, 2011) . In contrast, ciprofloxacin resistance was significantly higher (7e10%) in hospital effluent than in raw inflow. A positive correlation between ciprofloxacin resistance and the concentration of that antibiotic and arsenic (Fig. S4A ) may suggest a selective pressure effect. Indeed, hospital effluent samples collected in March presented the highest concentration of ciprofloxacin, being also those showing the highest percentage of ciprofloxacin resistance. The observation of significant correlations be-tween the concentration of antimicrobial residues and the prevalence of antibiotic resistant bacteria or resistance genes has been reported in previous studies (Huerta et al., 2013; Novo et al., 2013) . Huerta et al. (2013) observed an association between macrolides concentration and the normalized number of copies of the genes ermB and sulI (resistance determinants to macrolides and sulfonamides, respectively), and a negative correlation between Cd concentration and the abundance of the gene qnrS (resistance determinant to quinolones). Novo et al. (2013) observed a significant positive correlation between tetracyclines concentration and the loads of antibiotic resistant bacteria, although such association was not specifically with tetracycline resistance. As reviewed recently, antibiotic contamination can promote both the mobilization and fixation of resistance genes not only among human and animal commensal bacteria but also between environmental and clinically-relevant species (Baquero et al., 2013; Gillings, 2013) . However, major questions are still to be answered. Indeed, the factors that contribute to promote such processes or how these factors interact are not clear yet. The pharmaco-dynamics of the antimicrobial compound as well as the chemical stability or capability to form complexes, and the effect the abiotic conditions such as temperature, pH, or nutrient availability, among others, are probably important elements to clarify the role of these potential selective pressures.
The environmental contamination with antibiotics has non-target effects at gene, cell, and population levels, since antibiotics can trigger different effects such as SOS response, enhance the mutation rate or promote genetic recombination events (Gillings, 2013) . For this reason, as Baquero et al. (2013) emphasized recently, a thorough understanding of antibiotic resistance evolution requires a wide vision of the ecology of bacteria. Rearrangements of the aquatic bacterial communities coinciding with variations on the concentration of antibiotic residues were described for urban and industrial pharmacy wastewater or for surface water (Li et al., 2011; Huerta et al., 2013; Novo et al., 2013) . As Novo et al. (2013) reported before, also in this study sulfamethoxazole and tetracycline presented a pattern of correlation with the bacterial community distinct of that observed for quinolones. Although the simultaneous measurement of the concentration of antimicrobial agents and of biological indicators (bacterial populations or genes) seems to be an interesting approach to assess possible effects of the pollutants on the microbiota (Graham et al., 2011; Huerta et al., 2013; Novo et al., 2013) , it is important to bear in mind the numerous bias that may be involved. In particular, the mobility and half-life of different antimicrobial agents, which are also influenced by the environment where they are discharged, are expected to have a strong influence. For instance, cipro-floxacin is recognized by its high sorption capacity, while tetracyclines, also with high sorption potential, are able to form complexes with calcium or magnesium (Kü mmerer, 2009 ). On the other hand, penicillin G is expected to be rapidly hydrolyzed in the environment due to microbial activity, while sulfonamides, despite the expected elimination by sorption are common contaminants of aquatic environments (Halling-Sørensen et al., 1998; Kümmerer, 2009) . Nevertheless, in this study it was suggested that the bacterial populations of the hospital effluent, more than those from raw inflow, can respond to variations of antibiotic concentrations, even when higher concentrations are found in raw inflow. This was observed for tetracyclines and sulfonamides (Fig. 1B) . It is thus suggested that hospital effluents can be interesting models to study relationships between antimicrobial residues and bacterial populations. (Galvin et al., 2010; Czekalski et al., 2012; Chen and Zhang, 2013; Novo et al., 2013) , special attention should be given to the discharge of untreated hospital effluents into the municipal collectors.
5.
Conclusions
-Ciprofloxacin resistance was significantly more prevalent (p < 0.01) in hospital effluent than in raw inflow, for all the bacterial groups studied. In contrast, amoxicillin resistance prevalence was not significantly different in both sites (p > 0.01).
-Ciprofloxacin and arsenic concentrations were positively correlated with ciprofloxacin resistance prevalence, mainly in hospital effluent samples. 
